The effect of specific growth rate µ on the production of Vibrio vulnificus nuclease was investigated in fed-batch cultures of a high-yield recombinant Escherichia coli. A pseudo-exponential feeding method for controlling µ was employed to obtain the desired data. It was found that the nuclease content of cells γ P varied with µ, with a maximum occurred at µ = 0.05 h −1 ; however, the specific nuclease production rate q p increased with increasing µ. The synthesis of nuclease was dependent on µ, irrespective of the feeding methods. When concerning the compromise between the nuclease yield and its production rate, the linear-gradient feeding method, being simple and adaptable, was shown to be adequate for the nuclease production.
Introduction
Nucleases hydrolyze nucleic acids to 5 -nucleotides. They are used in protein purification to eliminate nucleic acid contamination, and are used to hydrolyze yeast RNA for the production of 5 -GMP and 5 -IMP, which are widely used as flavor-enhancer for food [1] [2] [3] . The nuclease of Vibrio vulnificus, a gram-negative estuarine bacterium was found to possess both DNase and RNase activities, and to be thermal stable [4] . Recently, we have constructed a recombinant strain, Escherichia coli DH5␣ (pSI026), which can produce V. vulnificus nuclease in high-yield. For this enzyme to be produced on an industrial scale, the development of an efficient cultivation process is necessary.
In the usage of E. coli as a host cell to produce recombinant proteins, high-cell-density cultivation is often a prerequisite for high volumetric productivity, and fed-batch cultivation is usually conducted. In fed-batch cultures, the feeding method is critical for the protein production because it determines the specific growth rate and is relevant to the accumulation of inhibitory by-products (e.g., acetate). Nevertheless, the specific growth rate, not the feeding method, has been regarded to be the intrinsic variable affecting recombinant protein synthesis [5] . The literature has well documented that the productivity of recombinant proteins is dependent on specific growth rate [6] [7] [8] [9] ; however, this is not universal [10] . In this work, we investigated the influence of specific growth rate on the nuclease production by the recombinant strain, E. coli DH5␣ (pSI026); the information obtained was then employed to design the feeding strategy in fed-batch cultivation.
Materials and methods
E. coli DH5␣ (pSI026) was used in this study. E. coli DH5␣ is a commonly used host strain in recombinant DNA technology and is mutated in endA, which encodes the periplasmic nuclease [11] . We also found that this strain has negligible DNase activity. pSI026 is a pUC19 derivative, which contains the encoding sequence of the nuclease gene of V. vulnificus (vvn) and the ribosomebinding sequence (rbs), but is devoid of the promoter sequence of vvn [12] . Our unpublished data showed that the production of vvn from pSI026 is independent of isopropyl-␤-d-thiogalactopyranoside (IPTG), indicating that the expression of vvn is not driven by the lac promoter in the vector, pUC19. The nuclease formed was found to accumulate in the periplasmic space of the cells. The subcultures of the strain were maintained at −20 • C in 17% glycerol.
Inocula were prepared in a 500 ml Erlenmeyer flask with a working volume of 100 ml. The flask was incubated overnight at 37 • C in a shaker operated at 120 rev/min. The inoculum medium contained (per liter): 10 g tryptone, 5 g yeast extract, 10 g NaCl, and 100 mg ampicillin.
Batch fermentations were carried out in a 2.5 l laboratory tank fermentor (Model M-100, Tokyo Rikakikai, Japan), with a working volume of 900 ml. The composition of the medium used was described in Table 1 , which was derived from a previous report [13] . Preliminary experiments showed that no antibiotics were required for the present strain to retain the plasmid pSI026 throughout the cultivation. The operating conditions for the fermentor were: inoculum size 100 ml, temperature 37 • C, pH 7.0 (controlled by 6 N H 2 SO 4 /28% NH 4 OH), agitation speed 400 rpm, and aeration rate 1 l/min. The dissolved oxygen level was maintained above 10% air saturation by the supplementation of pure oxygen to the aeration stream. The antifoam agent KM-72 (Shin-Etsu, Japan) was used to control foaming. In fed-batch operations, the volumetric feed rate was set constant, while the feed concentration varied with time as indicated.
Cell concentration was measured by turbidimetry (600 nm) and correlated with dry cell weight. Glucose was assayed as reducing sugar by the DNS method [14] . The concentration of acetate was estimated by gas chromatography (Shimadzu, GC-14A) with a Porapak Q column. The injector and column temperatures were 150 and 180 • C, respectively. Nitrogen was used as the carrier gas at a flow rate of 30 ml/min. A flame ionization detector was used at 180 • C. Acetate peak appeared 5.3 min after sample injection. A calibration curve constructed from acetic acid standards was used to obtain the acetate concentration. The preparation of enzyme samples and nuclease assay were according to the methods described previously [12] . The harvested cells were disrupted using a Vibra-Cell ultrasonic processor (Sonics, VC 130). After removal of cell debris, the supernatant fluid was used for the nuclease assay. The nuclease activity was determined by measuring the conversion of salmon sperm DNA to fragments that were soluble in 4% perchloric acid. One unit of nuclease activity was defined as the amount of enzyme that caused an increase of 1.0 in absorbance at 260 nm/min.
Results and discussion
Consider a fed-batch culture that is to be operated at a constant specific growth rate (µ), glucose is the limiting substrate, a constant volumetric feeding rate (F) is used, and glucose concentration is kept nearly at zero. Under these conditions, the feed concentration of glucose (S f ) has to vary exponentially with time (t) according to the equation:
where Y X/S is the growth yield, and X 0 and V 0 are the cell concentration and the culture volume at the beginning of the fed-batch phase, respectively. From preliminary batch cultivations, it was found that Y X/S = 0.44 g cell/g glucose, X 0 = 11.0 g/l, and V 0 = 876 ml. These data were used in further work. Instead of a genuine exponential feeding, a pseudo-exponential feeding method was employed to achieve the desired S f [15] . The feeding system, shown in Fig. 1 , consists of a concentrate reservoir and two mixing chambers in series, and S f varies with t according to the following relationship:
where the subscripts A, B, and C denote the reservoir A and the mixing chambers B and C, respectively, S B0 and S C0 represent the initial glucose concentrations, and V is the volume. The feeding was operated under the conditions that S B0 = S C0 and V B = V C . This feeding method can simulate the exponential feeding for relatively long periods depending on the values of µ; the desired data of nuclease production at specific µ's were thus obtained. Through comparison with the genuine exponential feeding profile, obtained from Eq. (1), the parameters of the pseudo-exponential feeding, appeared in Eq. (2), can then be selected. To sustain µ = 0.2 h −1 , the pseudo-exponential feeding operated at F = 80 ml/h, S A = 700 g/l, S B0 = S C0 = 54.75 g/l, and V B = V C = 560 ml, can match the required exponential profile of S f for 7.5 h, with an error within ±10%. The total amount of glucose added in the 7.5 h period, calculated through integration of Eq. (2) is 77.7 g. Fig. 2 illustrates the fed-batch culture with the pseudoexponential feeding operated at µ = 0.2 h −1 . The fed-batch phase was started at 12.5 h, when glucose in the fermentor was depleted, which was indicated by a rapid increase in the dissolved oxygen concentration. Other required nutrients (their proportionalities to glucose were according to Table 1 ) were supplemented to the mixing chamber C, and were fed continuously to the fermentor. During the fed-batch phase, glucose concentration remained nil (which is a necessary condition for the cells to grow at constant µ). After 4 h of the fed-batch phase, the cell concentration achieved 17.0 g/l. Up to this point, the biomass in the fermentor (XV) Fig. 3 . Determination of the nuclease content of cells γ P for µ = 0.2 h −1 . γ P is obtained from the slope of the straight line.
increased following µ = 0.2 h −1 . Unfortunately, µ could not be sustained thereafter, and a significant amount of acetate was accumulated. Nevertheless, we could still use the data of the 4 h period to estimate the nuclease content of cells (γ P ); γ P is obtained from a plot of (PV Fig. 3 , where P denotes the nuclease concentration. Table 2 gives the parameters employed in the pseudoexponential feeding to achieve the desired µ's, as well as the resulted time length of exponential growth and the estimated γ P . The control of cell growth was more difficult at higher µ's (see the comparison of the designed and the experimental time lengths of exponential growth). Nevertheless, as mentioned above, γ P could still be estimated. Fig. 4 shows the dependence of γ P on µ. It can be seen that γ P varied with µ, with a maximum occurred at µ = 0.05 h −1 . When µ was larger than 0.05 h −1 , γ P decreased Table 2 Fed-batch cultures using the pseudo-exponential feeding method gradually with increasing µ. As µ was smaller than 0.05 h −1 , however, γ P decreased sharply with decreasing µ; in fact, it can be expected that there would be no nuclease formation if the cell growth ceased. Fig. 4 indicates that there existed an optimal µ at which the cells synthesized the foreign protein most efficiently. This phenomenon could be common in E. coli as the host cell to produce recombinant proteins. The data of γ P versus µ in the range of 0.05 < µ < 0.33 h −1 can be fitted satisfactorily by the equation:
As will be discussed later, Eq. (3) is the basis for the prediction of the nuclease production in fed-batch cultures. Through examination of Fig. 2 and other related fermentation profiles (data not shown), it seems that the nuclease production follows a growth-associated pattern, that is: It should be reminded that γ P is not constant; rather, it varies with µ. Eq. (4) can be rearranged to give:
where q p is the specific nuclease production rate. Obviously, q p is also a function of µ. For cells growing at a constant µ, q p is constant and can be estimated directly from the experimental data based on the relationship:
As one can see in Fig. 5 , the agreement of q p obtained from Eq. (5) with that obtained from Eq. (6) is quite well for µ ranging from 0.05 to 0.33 h −1 . The information of q p is useful for predicting the nuclease production in fed-batch cultures, including those operated at changing µ's (such as constant-rate feeding or linear-gradient feeding). In case q p is not constant, the amount of nuclease produced (PV) can be predicted from the following relationship:
To verify that µ is the intrinsic variable that affects the nuclease synthesis, we performed a fed-batch culture with a constant feeding rate. The parameters employed were S f = 87.5 g/l and F = 60 ml/h; thus for a fed-batch time of 6 h, µ was expected to vary from 0.24 to 0.10 h −1 . The agreement of cell growth and nuclease production between the predicted and the experimental (see Fig. 6 ) was satisfactory, suggesting that Eq. (5) could be employed in the process simulation.
Figs. 4 and 5 suggest that for the nuclease production by fed-batch cultures, and µ being in the range of 0.05-0.3 h −1 , a smaller µ will result in a higher enzyme yield but will be accompanied by a smaller production rate, or vice versa. In other words, there exists a compromise between the nuclease yield and the enzyme production rate, and the cultivation at a medium µ would be preferred. Moreover, the cultivation should not be operated at a µ less than 0.05 h −1 , because the enzyme yield and the production rate will diminish simultaneously.
The compromise between the nuclease yield and its production rate could be attained using a linear-gradient feeding (see Fig. 7 ), where the cells are allowed to experience a range of µ during the fed-batch phase. In this feeding method, S f varies with t according to the equation [16] :
In addition, the biomass in the fermentor (XV) can be expressed as: It is worth noting that if the concentrate reservoir A and the mixing chamber B are connected by means of tubing at their bases, the resulted S f will hardly follow Eq. (8) .
For illustration, the simulated fed-batch cultures with the exponential and the linear-gradient feeding methods are shown in Fig. 8 ; in each case, total amount of glucose fed is set to be 100 g. In the exponential feeding, S f employed is 104.2 g/l, and F is according to the equation:
The calculated fermentation times for µ = 0.05, 0.1, 0.15, 0.2, and 0.25 h −1 are 34.5, 17.2, 11.5, 8.6, and 6.9 h, respectively. In the linear-gradient feeding, the parameters used are: F = 60 ml/h, S A = 170 g/l, S B0 = 54.75 g/l, and V B0 = 1200 ml. The desired fermentation time is 20 h and µ varies continuously from 0.15 to 0.055 h −1 . It is worth noting that the selection of the parameters is to meet the predetermined range of µ. The biomasses attained in all cases are equal; this is due to the assumption that the cell yield Y X/S is constant. The amount of nuclease produced (PV), on the other hand, varies with the feeding methods, in which the intrinsic effective variable is µ. It is obvious that the linear-gradient feeding method can compromise the nuclease production. Compared with the exponential feeding method, the linear-gradient feeding is advantageous, if one considers the simplicity of the control technique.
Conclusions
Fed-batch cultures are popular in the production of recombinant proteins by E. coli. Although the success of the protein production depends on the feeding strategy, the intrinsic effective variable is the specific growth rate. We have shown that in the cultivation with E. coli DH5␣ (pSI026) to produce V. vulnificus nuclease, the cells could synthesize the enzyme most efficiently at a specific growth rate of 0.05 h −1 ; however, higher enzyme production rates were obtained at higher specific growth rates. Accordingly, a compromise between the nuclease yield and its production rate is to be considered. The exponential feeding method, which aims to sustain a constant specific growth rate and needs computerized control equipments, might not be advantageous to the enzyme production. In contrast, the linear-gradient feeding method, being simple and adaptable, would have a wider applicability in the fed-batch cultures.
